This chapter describes a simple hydrolysis method to synthesize phase tunable titanium dioxide nanocrystals, in which the versatility of the method is exemplified in controlling phase, shape and crystallinity of TiO 2 by changing the volume ratio of solvents. Furthermore, the synthesized samples were tested for the photocatalytic decomposition of water pollutants under visible light.
TiO 2 depends on its physicochemical properties such as crystallite size, surface area, porosity, morphology and phase composition. 2 Owing to its high photocatalytic activity, anatase is the most studied among the three phases and this is primarily because of its moderate ability to suppress the recombination of photogenerated hole and electron pairs. 3 In some aspects, it has been contended that nanosized rutile titania shows better performance as an electrode material than anatase one. 4 Improvement in the light trapping capability can enhance the photoactivity of TiO 2 in multifold and the accepted approach to do so is by stretching the optical band edge (band gap tuning) of TiO 2 from the UV into visible region. Among several methods that have been developed to achieve this modification of the energy levels, one of the most popular practices is to introduce new intermediate energy levels between the valence and conduction bands. Another efficient method is to blend complementary phases to achieve the desired absorption in the visible range exploiting irreversible charge transfer mechanism from one phase to the other, leading to efficient photoactivity.
In this perspective, TiO 2 photocatalysts composed of mixed phases have attracted significant attention, as they can exhibit superior catalytic activity compared to either of the constituent pure phases. Most of the studies have helped to establish the fact that the photocatalytic efficiency is enhanced by the existence of a Chapter 3 68 synergistic effect between two phases, which effectively prevents the recombination of photo generated electrons and holes. 5 The most popular example is Degussa P25 consisting of 80% anatase and 20% rutile, which is now the accepted benchmark for comparative evaluation of titania as photocatalyst. The enhancement of activity for Degussa P25 is attributed to the transfer of photo excited electron from high energy anatase to lower energy rutile at the junction formed between these two types of crystalline lattices. This effectively retards the recombination rate within anatase leading to further electron-hole separation and hence, improved photocatalytic activity. 6 Attempts to synthesize mixtures of TiO 2 nanocrystals consisting of biphasic anatase-rutile, anatase-brookite, rutile-brookite and triphasic anatase-rutilebrookite for higher photo-activity than pure anatase, brookite, or rutile have been reported by several researchers. 7 Nevertheless, in comparison with anatase and rutile, brookite is the least studied polymorph although it exhibits reasonably good photocatalytic activity, justifiably because of the challenge in synthesizing it in its phase-pure form and under controlled conditions. 8 In this chapter a convenient one-pot synthesis of highly active mixed phase TiO 2 nanocrystals with a tunable control on phase composition predominantly comprising the brookite phase is demonstrated. The synthesis was achieved under mild experimental conditions by thermal hydrolysis of TiCl 4 as the metal-precursor of our choice in aqueous-ethanol mixed solvent media, without using any additional thermal treatment post-synthesis. Extensive characterizations and supporting analysis justifies our contention that the method is simple, can be appropriately tuned, and is scalable and hence economically feasible. The findings demonstrate that impressive control on formation of phase-pure anatase and/or biphasic mixture of brookite/anatase, brookite/rutile can be exercised by simple variation of Chapter 3 69 water:ethanol ratio in the mixed solvent system. The photocatalytic performances of synthesized samples are assessed by the degradation of Rhodamine B, as a model system and the degradation kinetics are comparatively evaluated against commercially available Degussa P25 taken as reference.
EXPERMENTAL SECTION:

Chemicals and Materials:
Titanium tetrachloride (TiCl 4 ) and absolute ethanol (99.9%) from SD fine chemicals, India. Rhodamine B was obtained from Merck chemicals. All the chemicals were used as received without further purification. Milli-Q deionized water (18MΩ) was used for carrying out all the experiments.
Synthesis of Biphasic Titanium Dioxide Nanocrystals:
A series of seven titania samples were prepared by thermal hydrolysis method at 373 K. For a typical synthesis, 2 mL of titanium tetrachloride was added slowly to a 70 mL water/ethanol (v/v) mixture at room temperature, which instantly turned into white turbid solution. During the addition, evolution of a colorless gas, presumed to be mostly HCl and EtCl in significant amount was observed, as a consequence of the TiCl 4 hydrolysis/alcoholysis. The suspension was refluxed at 100 o C for 16 hrs under constant stirring. The white precipitate formed was collected and washed with ethanol several times followed by centrifugation (21000 rpm for 15 min) and subsequently dried at 60 o C overnight. Depending on the mixed solvent composition for TiCl 4 dilution, i.e. water to ethanol volume ratio 7:0, 6:1, 5:2, 4:3, 3:4, 2:5, and 1:6 the samples were labeled as T1,T2, T3, T4, T5, T6, and T7, respectively. No precipitate was observed when pure ethanol was used as the medium.
Chapter 3 70
Measurement of Photoactivity:
The photocatalytic activity of the as prepared mixed phase nanocrystalline TiO 2 was evaluated by the photo assisted degradation of Rhodamine B (RhB) aqueous solution at room temperature under Visible light. A 400W white lamp (>430 nm, high pressure Hg vapor lamp, SAIC, India) was used as the light source in an indigenously fabricated photo reactor, cooled with flowing water in a cylindrical glass jacket around the lamp. In a typical reaction, 0.03g of catalyst was dispersed into 30mL of aqueous RhB(30 mg/L) in the glass reactor vessel. Prior to irradiation, the suspension was magnetically stirred for 30 min in dark to stabilize and equilibrate the adsorption of RhB on the surface of nanocrystalline TiO 2 . The stable aqueous dye-TiO 2 suspension was then exposed to visible light irradiation under continual stirring. Five mL aliquots were withdrawn at regular time intervals to carry out the constituent analysis. Centrifugation at 21,000 rpm for 10 min, repeated 3 times on Kubota refrigerated centrifuge was effectively used to separate the suspended titania particles from the aliquots. The concentration of RhB (C/C O ) was estimated using UV−Vis spectroscopy. The intensity of the main absorption peak of RhB dye solution at 556 nm (λ max ) was followed and the equilibrated RhB and titania concentration in dark was taken as the initial concentration (C O ). A blank run without TiO 2 (RhB), a control experiment using the commercially available Degussa P25 and reaction in dark on T3 (dark) were carried out under similar conditions for reference and comparative evaluation, respectively. and phase-pure anatase were obtained in the mixed solvent system with controlled variation in water to ethanol volume ratio. In the absence of ethanol as in the case of sample T1, the addition of TiCl 4 directly to pure water results in a white precipitate formed almost instantaneously, which was a mixture of both rutile and anatase. in considerable amount with mixed presence of either rutile or anatase. The fraction of rutile is found to decrease with increasing ethanol content. On the contrary, presence of brookite initially increases and then decreases steadily while anatase starts to reappear with decreasing water content in the mixed solvent system. The intensity of the anatase peak significantly increases with volume fraction of ethanol concentration, finally leading to phase pure anatase in water:ethanol ratio of 1:6. The results show that increasing concentration of ethanol leads to phase pure anatase suggesting that higher ethanol content preferentially leads to form anatase phase. 9 Because of the peak overlap in XRD at 2θ = 25.7° for both anatase (101) and two 
RESULTS AND DISCUSSION:
Where D is the average crystallite size obtained in angstroms (Å) and K is the shape factor taken as 0.9, λ is the wavelength of X-ray radiation (Cu Kα = 1.5406 Å), β is the full width at half-maximum after making appropriate baseline corrections and θ is the diffraction angle. The phase composition of TiO 2 can be estimated from the integral intensities of anatase (101) peak, rutile (110) peak and brookite (121) peak using the equation All synthesized samples were nanocrystalline and the sizes range from ∼4−10 nm. In each mixture, the crystallite size of anatase and brookite was always found to be lower than that of rutile. With the increase in ethanol concentration, however, the estimated crystallite size is observed to decrease for rutile whereas for anatase and brookite, it increases steadily.
Raman spectroscopy is a very sensitive tool to assess the phase purity and crystallinity of TiO 2 . The phase transition and existence of large amount of brookite and phase pure anatase was further confirmed by Raman analysis. Anatase exhibits characteristic scatterings at 146 cm −1 (Eg), 396 cm −1 (B1g), 516 cm −1 (A1g) and 641 cm −1 (Eg), 11 the brookite shows sharp peaks at 128 cm −1 (A1g), 153 cm −1 (A1g), 247
cm −1 (A1g), 322 cm −1 (B1g), 366 cm −1 (B2g), and 636 cm −1 (A1g), 12 while rutile to be due to the close proximity to the predominantly brookite phase. 15 For the sample, T3, which consists of 17% of rutile and 83% brookite, the presence of the rutile phase is confirmed from the peak appearing at 449 cm −1 . In the case of sample, T5, which is a mixture of brookite and anatase phases, a shift in the peak positions is observed for the peaks corresponding to the anatase, whereas the peaks pertaining to brookite appear at their designated position. 
Growth Process and Structural Evaluation:
It must be mentioned that the synthesis of phase pure anatase, rutile and brookite by thermal hydrolysis of TiCl 4 was strongly affected by the acid medium and nature of anions upon the thermolysis. 16 The effect of hydrochloric acid has been investigated extensively, and it is well-established that rutile formation is more thermodynamically favorable under acidic conditions. 21 cations preclude the corner sharing and facilitate the edge sharing, yielding finer anatase crystallites. It is also accepted that the relative stability of this TiO 2 polymorph is size dependent, anatase is the most stable at sizes below 11 nm, while brookite is ~11-35 nm. 17 Reduction in the size of brookite leads to destabilization and recrystallization into anatase phase. 10 In this work, the brookite crystallite size in the mixture of TiO 2 is less than 8 nm.
To substantiate the proposed mechanism of formation and rationalize the effect of the solvent on the reaction system studied, we carried out pH measurements pre-and post-synthesis (Table 2) . As compared in the table, concentration of H + ions slightly increased as hydrolysis proceeds in water. 23 In mixed solvent media, the amount of solvated HCl could decrease because of poor solubility in ethanol, when compared to water and the undissolved HCl is released out. 24 As observed postsynthesis for the system T1, HCl gas released in situ is soluble in water, so the pH of 
where h is Plank's constant (6.625 ×10 -34 J s), c is the velocity of light in vacuum (3 ×10 8 m s -1 ), and E is wavelength corresponding to the intersection of the band edge (linear portion of the absorption slope) on the x-axis. 2c For the phase pure anatase, the absorption edge wavelength at 378 nm, corresponds to a band gap value to 3.31 eV, which is in good accordance with reported literature data. 25 The mixed phase TiO 2 sample, T1 containing 76% of rutile shows significant absorption at 411 nm, gives a corresponding value of 3.02 eV, which is also close to that obtained for phase-pure rutile TiO 2 . 26 Interestingly, in the absorption spectra ( Figure 5 Although it is estimated that the optical band gap of brookite is ~0.46 and ~0.16 eV higher than that of rutile and anatase phase, respectively; 27 some reports indicated that it lies in between those of anatase and rutile. 19 Our present studies on biphasic samples support the latter and indicate that the bandgap of brookite may indeed be positioned in between that of rutile and anatase. The relatively larger band gap values observed in our samples when compared to that of phase-pure rutile could probably be attributed to the initial contribution of brookite and thereafter steadily increasing surface area and anatase content. Additionally, the quantum size effect is also presumed to contribute significantly to the observed large band gap for the synthesized samples. To sum up, it is clear that the optical band gap results are consistent with varying phase content and the dominant phase has major influence on the estimated values. Figure 5 . Diffuse reflectance spectra of as synthesized samples.
Photocatalytic Activity Measurements:
The photoactivity of all the synthesized samples and Degussa P25 used as reference were investigated by studying the degradation kinetics of RhB under visible light is represented in Figure 6 . The photocatalytic efficiency of the studied samples as listed in Table 2, T1  T2  T3  T4  T5  T6  T7 Chapter 3 84 The synthesized samples exhibit different photoactivities depending on their phase composition and surface area. It is found among all the TiO 2 samples tested, T3, consisting of 83% of brookite and 17% of rutile shows the best performance in terms of photoactivity towards the degradation of RhB. Except for samples T1 and T2, the mixed-phase catalyst performance was superior and they were comparable to or even better than P25. The order of photocatalytic activities in the samples studied can be represented as T3 > T5 > T7 = T6 > T4 > P25>T2 > T1, and the corresponding degradation rate constants calculated are listed in Table 3 . Although, T7 which is phase pure anatase possesses higher surface area (245.1 m 2 g -1 ) among all the synthesized samples, the activity of T3 was found to be superior compared to P25 and definitely better than phase-pure anatase. This particular observation supported by previous reports on mixed phase activity 15 leads us to conclusively believe that surface area is not the only factor that determines the photoactivity. In case of mixed phase TiO 2 , brookite to rutile ratio could be a more determining factor for the high photoactivity observed. This argument is strengthened by the fact that samples T2 and T3 both consist of brookite and rutile phase, however, the significant difference in photoactivities clearly suggests that tuning the brookite to rutile ratio, the photocatalytic efficiency of mixed phase TiO 2 can be appropriately controlled. In case, there is no interaction/junction formed between brookite and rutile nanoparticles, then the photoactivity depends on the individual crystal phase. 5, 7c However, since in the present synthetic procedure where both the phases are higher conduction band of brookite to slightly lower conduction band of rutile, while the excited electrons in the rutile cannot migrate to the brookite phase. 27, 28 Correspondingly, the valance band edge of rutile is found to be slightly higher in energy than the brookite. It has been proposed, that the holes migrate much faster than electrons, 29 therefore the holes can migrate towards the rutile phase resulting in longer lifetimes of the conduction band electrons residing in the brookite phase. 30 Hence, an increase of the holes in rutile and a concurrent decrease of holes in brookite under light irradiation can create a effective charge-separation. This in effect will reduce the recombination of photogenerated electrons and holes in the brookite phase and consequently improve the photocatalytic efficiency of this phase. 7a, 27 Similar argument can well be extended to the other mixed anatasebrookite phase samples, however, with reduced efficiency, primarily owing to the similarity in crystal structure. For example, sample T5 on the one hand also shows higher photoactivity than phase-pure anatase (T7) and P25, but slightly less than T3.
This lower photoactivity in comparison with rutile/brookite mixture can be rationalized on the following lines. The electronic structure of brookite is analogous to that of anatase with only minor differences in the local crystal environment between the two phases. 27 The similarity between the two phases and band gap leads to a comparable decrease in the efficiency of electron-hole pair separation process at the junction. Nonetheless, it has been previously demonstrated that a high percentage composition of brookite in anatase mixture can effect fairly high photoactivity. 7a Our results also reiterate this fact, and sample (T5) containing 63% of brookite exhibits a better photoactivity than sample (T6) containing 28% of Chapter 3 86 brookite. It can therefore be inferred that brookite ratio is the most important factor for the high photoactivity among the synthesized samples. The aim of developing mixed phase TiO 2 is to modify the kinetics of recombination for the photo-excited electrons and holes, in such a way so as to improve the catalytic performance. These electrons and holes are primarily responsible for the generation of hydroxide radical and O 2reactive species. 30 In this process, rate of separation and recombination of light induced charge carriers can be gauged by the luminescence intensity.
According to literature reports, the photoluminescence of TiO 2 is weak and sensitive at room temperature. 31 Hence, to understand the degradation pathway of RhB under visible light, we have analyzed the luminescence spectra of RhB in presence of TiO 2 , represented it in Figure 8 . The results indicate that, the emission of RhB varies as a function of the phase composition of TiO 2 . Noticeably, with increase in brookite content of the system the luminescence of RhB decreases, which strongly supports the proposed argument of the correlated interfacial charge transfer Chapter 3 87 events and effective charge separation in biphasic samples. As observed, the photoluminescence spectra for phase composition, T3, is found to be significantly suppressed indicating enhanced interactions between the RhB and biphasic titania. 
CONCLUSIONS:
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